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ABSTRACT

In an information processing apparatus, a calculation circuit
calculates energy values representing total energies of Ising

devices that are set up with dif.

‘erent noise widths, where the

Ising devices have equal conc

1tions about neuron-to-neuron

connections. An exchange control circuit exchanges output
values of neurons or noise widths, between first and second
Ising devices having adjacent noise widths. This exchange

takes place with an exchange

Ter-

probability based on a di:

ence 1n the energy values between the first Ising device and

the second Ising device.

7 Claims, 20 Drawing Sheets

INFORMATION PROCESSING APPARATUS |

(T=T,, E=E1) -~Zal (T=T;, E=E2) fZaZ (T=T, E=Ek) ,rzak (T=Tu, E=EN) /2aN
| sINGDEVICE | | IsinGDEVICE | " ISING DEVICE | [SING DEVICE
| % | | fif}ak NEURON CIRCUIT BLOCK |
| 1 1 g w.-":.,,. """"" ir i 3
| 10a1 |C N 10a2 | 'l INEuRON| |NEURON] | NEURON
kel | L | CIRCUIT | | CIRCUIT | CIRCUIT _~i0aN
| NEURON | | NEURDN | | P :
- i it B R R e e I—— e T YT T NELIRON
CIRCUIT | ! CIRCUTT 11k “11k2 CIRCUIT | i
Bm”‘ B BLUCK I I S BLOCK | |
P CONTROL
CIRCUTT
- ek g ) e
CAi.cu LATION CIRCUIT | | i
............ ol WPWWW
Erota: 4 . .
EXCHANGE CONTROL CIRCUIT }

rrrrrrrrrrrrrrrrrrrr

CONTRE}LLER E}EVICE




US 10,929,750 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS

Roudi, Yasser, Joanna Tyrcha, and John Hertz. “Ising model for

neural data: model quality and approximate methods for extracting
functional connectivity.” Physical Review E 79.5 (2009): 051915.
(Year: 2009).*

Honkela, Timo, et al., eds. Artificial Neural Networks and Machine
Learning-ICANN 2011: 21st International Conference on Artificial
Neural Networks, Espoo, Finland, Jun. 14-17, 2011, Proceedings.
vol. 6792. Springer, 2011: I-390. (Year: 2011).*

Sathasivam, Saratha. “Boltzmann machine and new activation func-

tton comparison.” Applied Mathematical Sciences 5.78 (2011):
3853-3860. (Year: 2011).*

Ravanbakhsh, Siamak, Russell Greiner, and Brendan Frey. “Train-

ing restricted boltzmann machine by perturbation.” arXiv preprint
arX1v:1405.1436 (2014). (Year: 2014).*

Christian R. Schneider et al., “Analog CMOS Deterministic Boltzmann
Circuits”, IEEE Journal of Solid-State Circuits, vol. 28, No. 8, Aug.
1993, pp. 907-914 (8 pages).

A. DeGloria et al., “Efficient Implementation of the Boltzmann
Machine Algornthm™, IEEE Transactions of Neural Networks, vol.
4, No. 1, Jan. 1993, pp. 159-163 (5 pages).

Alessandro DeGlora et al., “Design and Performance Evaluation of
a Parallel Architecture for the Boltzmann Machine”, EUROMICRO
94:. System Architecture and Integration, Proceedings of the 20th
EUROMICRO Conference, Sep. 1994, pp. 629-636 (10 pages).
Koj1 Hukushima, “Front Line of Monte Carlo Method—Method for

Integration with Throwing Dice-", Proceedings of Tutorial on
Information Processing based on Probabilistic Algorithm, Nov.
2003 (12 pages).

Yuko Okamoto, “Generalized-Ensemble Algorithm”, published in
“Computer simulation of a living body course: to where can the

structure of the protein be predicted?”, the Chemical Frontier series,
Dec. 2002 (20 pages).

* cited by examiner



AJIAAG H4TI0HLNOD

US 10,929,750 B2

LINAE) 10U ANOD ADNVHOXA

~
g
=
E
e
P,
ietie Jooe oo
S - NOdanaR NCHNEN NOYN3N
o NeQT~ LIN0WID | LINOHEID | § LINOYID - .
X NOWNaN |™ " 7| NOYNAN | | NOYN3N Ze0T- 1207
S m
M08 LINDYID NOEN3IN NeOT- _
IDIAIA ONISI IADIAIA ONISE ) | 3OIAIA ONISI IDIAIA ONISI
NeZ~" (NF=3 MNi=1) ez - (M3=3 “1=1) 7077 (23=3 "i=1) 1e7 {I3=3"'i=l1)

1 SNAYHVddY SNISSED0OHd NOLLYIWNHOLANI ﬁ .UH n.._

U.S. Patent



U.S. Patent Feb. 23, 2021 Sheet 2 of 20 US 10,929,750 B2




U.S. Patent

Feb. 23, 2021

FIG. 3

(1)

(2)

(3)

(4)

(3)

(6)

Sheet 3 of 20 US 10,929,750 B2




a

o0

- IDIAZA YATIOUINOD

L) e ———————— A {20 73RO A S8R PP R A RSB SRR PSS ——— T ————————

o LAY JoLveaNgs] S

N\ g TVNDIS WOGNYY |

N | AT — oD LND¥D

w HIOUINGD o | TOULINOD e~ TOUINGD LINDWID M0YINOD

IZONVHOXS] mmx%_uﬁ_ BRESLLI:8LE] {401
ol 7T

~ 1301~

= | oD

< dOLVYINID

= TYNDIS

3 WOANYY

7 LINOEID
HOLVHINID b

ISION

m o =01

g

%

=

W

ey

- .

S u | e || g

30IA3A

Dnla ONISI | | ONISI || ONISI bnuﬁu VBN ~1€01

«  Ngz~ Zqz 17~ : BT SNLY3VddY ONISSID0Ud

m 5] NOLLYWHOANT




U.S. Patent Feb. 23, 2021 Sheet 5 of 20 US 10,929,750 B2

31

Vih N+ NS



U.S. Patent Feb. 23, 2021 Sheet 6 of 20 US 10,929,750 B2




US 10,929,750 B2

Sheet 7 of 20

Feb. 23, 2021

U.S. Patent

22iAd BulsT Ul 1+b) pue
901A2g buist UI(1-D) o1

ST

Hﬁmcwx . i :PHSUN_MU
FONYHIXS

BPOT LINOHID TORINOD IONVHDOXS

(F*P1>°1)

1117410
JOLVYANID
OV14 15U

H1N0d10)
HOLYHANSD
V14 ANQDZS

HJOLVHANTD
TYNDIS
WOUNVY

Q +w5§5m

()=

(103

£ O



WNDIS
WOGNYY

)
as
—
e
=S
SN\
2 o ————————————— .
)
=
e
7
-

—
o
— 1IN0
- dOLVEVIWOD | d
5 ALTHEVEOYd L LInDYD
2 NOLLY LNdWOD
ALTTIGVE0Ud

1S -
3
i M LINDHID (X
X HO _  HOLYAYAWOQD
R Db ADYANT (x5
e w -

£9
0G 1INDYID YOLVYINID OV4 1SyId

8 DI

U.S. Patent



US 10,929,750 B2

LA

HO LY HINID
TYNDIS

g- WOANYY
= B
=
&N
E _ _
iyerie] AL AN NS L e (X
_u_rE dOIVAVYalnQD h | Ty, w m . | ﬁw\xw@&m
= _ LINDED
S _ NOLLY LNdIWOD
o L~ _ALIEVEOUd
e _
=
=
m muH m 20G LINDYID HOLYHINTD DY 14 1541

U.S. Patent



US 10,929,750 B2

T_,vx
—
- pIes [T PB4
-

LN . .

= oy NOLLDF13S HOLVHINID e G
& 31VIS SOARERED
7 Nos NHi
m ﬂrﬂx
%
=
W
ey

€S LINDYID IADNVHOXZE

0 DI

U.S. Patent



U.S. Patent Feb. 23, 2021 Sheet 11 of 20 US 10,929,750 B2

FIG. 11
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FIG. 13
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FIG. 14
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INFORMATION PROCESSING APPARATUS,
ISING DEVICE, AND METHOD FOR
CONTROLLING INFORMATION
PROCESSING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2016-
131285, filed on Jul. 1, 2016, the entire contents of which are

incorporated herein by reference.

FIELD

The embodiments discussed herein relate to an informa-
tion processing apparatus, an Ising device, and a method for
controlling an information processing apparatus.

BACKGROUND

Ising devices, or Boltzmann machines, are known as a
technique for solving multivariable optimization problems,
tor which the von Neumann computer architecture does not
always work well. Ising devices execute a process called
“stmulated annealing” using energy functions of the Ising
model that represents behavior of atomic spins 1n magnetic
substances. That 1s, Ising devices solve a given problem by
transforming it to an Ising model problem.

As an example of techniques related to Ising devices, one
proposed parallel processing method uses multiple Ising
devices implemented 1n hardware. Another proposed tech-
nique 1s to compare evaluation scores of Ising devices,
update inferior evaluation scores, and when 1dentical scores
are found, output them as an optimal solution. See, for
example, the following documents:

Japanese Laid-open Patent Publication No. 5-250346, Sep.

28, 1993
Japanese Laid-open Patent Publication No. 8-272760, Oct.

18, 1996
C. R. Schneider and H. C. Card, “Analog CMOS Determin-

istic Boltzmann Circuits”, IEEE Journal of Solid-State

Circuits, Vol. 28, No. 8, pp. 907-914, August 1993

A. DeGlona et al., *'ﬁClen‘[ Implementation of the Boltz-
mann Machine Algorlthm” IEEE Transactions of Neural
Networks, Vol. 4, No. 1, pp. 159-163, January 1993

A. DeGloria et al., “Design and Performance Evaluation of
a Parallel Architecture for the Boltzmann Machine”,
EuroMICRO 94: System Architecture and Integration,
Proceedings of the 20th EUROMICRO Conference, pp.
629-636, September 1994
As mentioned above, hardware-based implementation of

Ising devices 1s possible. However, even with such Ising

devices, the computational process takes a long time to reach

an optimal solution because 1t includes sequential operations
that have to be repeated many times.

SUMMARY

In one aspect, there 1s provided an information processing
apparatus including: a plurality of Ising devices each includ-
ing a neuron circuit block that calculates as many {irst
energy values as a number of neurons, based on weight
values representing strengths of neuron-to-neuron connec-
tions and output values of the neurons, and determines and
outputs new output values, based on comparison results
between a threshold and each of the first energy values plus

10

15

20

25

30

35

40

45

50

55

60

65

2

a noise value, the plurality of Ising devices having equal
conditions about neuron-to-neuron connections represented
by the weight values, the plurality of Ising devices being set
up with different noise widths each representing a difference
between a lower limit and an upper limit of noise values; a
calculation circuit that calculates second energy values
respectively representing total energies of the plurality of
Ising devices, based on the first energy values and the output
values; an exchange control circuit that exchanges output
values or noise widths between a first Ising device and a
second Ising device among the plurality of Ising devices,
with an exchange probability based on a difference in the
second energy values between the first Ising device and the
second Ising device, the first and second Ising devices
respectively having first and second noise widths, the second
noise width being adjacent to the first noise width; and a
controller device that sets the diferent noise widths for the
plurality of Ising devices.

The object and advantages of the invention will be
realized and attained by means of the elements and combi-
nations particularly pointed out 1n the claims.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-

plary and explanatory and are not restrictive of the mven-
tion.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1llustrates an example of an information processing
apparatus according to a first embodiment;

FIG. 2 illustrates how a plurality of ensembles with
different temperatures exchange their node states;

FIG. 3 illustrates energy functions of ensembles with
different temperatures;

FIG. 4 1llustrates an example of an information processing
apparatus according to a second embodiment;

FIG. 5 1llustrates an exemplary distribution of probability
P, (h,) of output value x=1;

FIG. 6 illustrates an example of a calculation circuait;

FIG. 7 illustrates an example of an exchange control
circuit;

FIG. 8 illustrates an example of a flag generator circuit;

FIG. 9 illustrates another example of a flag generator
circuit;

FIG. 10 illustrates an example of an exchange circuit;

FIG. 11 illustrates a truth table that indicates an exemplary
relationship between mput signals and output signals of a
selection signal generator circuit;

FIG. 12 1illustrates a truth table that indicates an exem-
plary relationship between mnput signals and output signals
of a state selection circuit;

FIGS. 13 and 14 are the first and second parts of a
flowchart illustrating exemplary operation of an information
processing apparatus according to the second embodiment;

FIG. 15 1llustrates an example of an information process-
ing apparatus according to a third embodiment;

FIG. 16 illustrates an example of an exchange control
circuit;

FIG. 17 1illustrates an example of a temperature setting
signal generator circuit;

FIG. 18 illustrates a truth table that indicates an exem-
plary relationship between mnput signals and output signals
ol a temperature setting signal generator circuit;

FIG. 19 15 a flowchart illustrating exemplary operation of
the mnformation processing apparatus according to the third
embodiment; and
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FIG. 20 1s a timing diagram illustrating exemplary opera-
tion of the mformation processing apparatus.

DESCRIPTION OF EMBODIMENTS

Several embodiments will be described in detail below
with reference to the accompanying drawings.

(a) First Embodiment

FI1G. 1 1llustrates an example of an information processing,
apparatus according to a first embodiment. This information
processing apparatus 1 includes Ising devices 2al to 2aN, a
calculation circuit 3, an exchange control circuit 4, and a
controller device 5. An optimization problem using energy
functions 1s mapped onto Ising devices 2al to 2aN, under
the control of a controller device 5. Each Ising device 2al
to 2alN 1s implemented 1n the form of a single semiconductor
integrated circuit (chip). These Ising devices 2al to 2aN are
similar to each other in terms of their components. For
example, the illustrated Ising device 2ak has a neuron circuit
block 10ak, and a control circuit 1054

The neuron circuit block 10ak calculates as many energy
values as the number of neurons, based on weight values
representing the strengths of neuron-to-neuron connections,
as well as on output values of the neurons. The energy values
are referred to as “local field values” 1n the following
description.

The weight values are specified by, for example, the
controller device 5, depending on what optimization prob-
lem 1s being handled. That 1s, the controller device 5 writes
specific weight values 1nto Ising devices 2al to 2aN, thereby

mapping an optimization problem onto the Ising devices 2al
to 2aN.

The neuron circuit block 10ak adds some noise values to
local field values and compares the respective sums with a
threshold. Based on the result of this comparison, the neuron
circuit block 10ak determines and outputs the output values
mentioned above. The following description uses an integer
n to indicate the number of neurons.

Referring to the example of FIG. 1, the neuron circuit
block 10ak includes n neuron circuits 1141, 1142, . . . , and
114» to implement the functions of n neurons. Each neuron
circuit 1141 to 114n executes the above-noted process of
calculating a local field value and determining and output-
ting a one-bit output value of the corresponding neuron.
When there 1s a change in one of the n output values (or n-bit
output value) from the neurons, an update signal 1s gener-
ated. Each neuron circuit 1141 to 114z has a function of
updating 1ts own local field value upon receipt of such an
update signal.

The control circuit 1054 supplies the neuron circuits 1141
to 114» with the update signals noted above. For example,
one update signal includes a changed output value and a
selection signal for weight values. This selection signal
specifies which weight to choose, depending on the 1denti-
fier of the neuron circuit that has changed its output value.

For example, the above-described control circuit 105k
may be implemented as a collection of comparator circuits,
selector circuits, and other circuits. The control circuit 1054
may be implemented by using one or more processors. For
example, the processors include a central processing unit
(CPU), micro processing unit (MPU), digital signal proces-
sor (DSP), application-specific integrated circuit (ASIC),
programmable logic device (PLD), or any combination of
these devices.
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4

The Ising devices 2al to 2aN are configured with the
above-described elements, and their respective sets of neu-
rons are connected 1n the same way (1.e., they have the same
set of weight values). In other words, the neuron circuit
blocks 10al, 10a2, . . ., 10ak, . . ., and 10aN 1included 1n
the Ising devices 2al to 2aN have a plurality of neuron
circuits with the same weighted connections. Because of
these same weighted neural connections, the Ising devices
2al to 2aN respectively calculate identical optimization
problems 1n an independent manner. These Ising devices 2al
to 2aN are, however, set up with different noise widths. The
term “noise width” refers to the extent (distance) between
upper and lower limits of noise values used 1n the Ising
devices 2al to 2aN. In other words, the noise values used 1n
cach Ising device may vary within a diflerent range.

Based on the local field values and n-bit output values of
energy of the individual Ising devices 2al to 2aN, the
calculation circuit 3 calculates energy values (E1, E2, . . .,
Ek, . . ., EN) each representing the total amount of energy
in the individual Ising devices 2al to 2aN. For example, the
calculation circuit 3 multiplies the local field value of the
first neuron circuit 1141 by the output value of the same. The
calculation circuit 3 also performs a similar multiplication
for each of the other neuron circuits 1142 to 114n. The
calculation circuit 3 then adds up the resulting products to
yield an energy value Ek of the k-th Ising device 2a%. In
other words, the calculation circuit 3 obtains an energy value
Ek by performing multiply-accumulate (MAC) operations
on the local field values and output values that the neuron
circuits 1141 to 114»n provide.

The exchange control circuit 4 controls exchange of n-bit
output values or noise widths between two of the Ising
devices 2al to 2alN, where the two Ising devices are set up
with noise widths that are adjacent to each other. The
exchange takes place with a probability based on a difler-
ence 1n the above-described energy values between the two
Ising devices. Such exchanges are part of an extended
ensemble method (described later), and the probability of
their occurrence 1s called “exchange probability.”

Noise width 1s equivalent to effective temperature T 1n
equation (5) described later. Expanding a noise width means
raising elflective temperature T. The Ising devices 2al to
2aN 1 FIG. 1 are respectively given different eflective
temperatures T,, T,, . .., T,, ..., and T,. The first Ising
device 2al has a first noise width corresponding to effective
temperature T,, and the second Ising device 2aq2 has a
second noise width corresponding to effective temperature
T,. Inthe case of T,>T,>...>1,>...>T,, the first and
second Ising devices 2al and 242 are “adjacent” in terms of
their noise widths. The exchange control circuit 4 thus
exchanges their n-bit output values (or their noise widths)
with each other, with an exchange probability based on the
difference between energy values E1 and E2 of the two Ising
devices 2al and 2a2.

The calculation circuit 3 and exchange control circuit 4
may be provided outside the Ising devices 2al to 2aN as 1n
the example of FIG. 1. Alternatively, either or both of the
calculation circuit 3 and exchange control circuit 4 may be
incorporated into the Ising devices 2al to 2aN.

The controller device 5 configures each Ising device 2al
to 2aN with a uniquely different noise width. For example,
the controller device 5 gives diflerent noise widths to the
Ising devices 2al to 2aN upon receipt of a startup signal
from an external source, such that their eflective tempera-
tures T will be T,>T,>...>T,>...>T,.

The controller device 5 outputs an end signal to indicate
completion of the current computation when a neuron settle-
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ment signal arrives from one of the Ising devices 2al to 2aN.
This neuron settlement signal indicates that the n-bit output
value has converged (1.e., stopped changing) 1n the sending
Ising device.

Now, with reference to FIGS. 2 and 3, the description
turns to an extended ensemble method that the information
processing apparatus 1 performs. This method may also be
called an “exchange Monte Carlo method” or “ensemble
exchange method.”

Here the term “ensemble’ refers to a neural network with
a particular temperature. The extended ensemble method
exchanges states of nodes between diflerent ensembles (1.e.,
different neural networks having different temperatures)
during the course of a parallel probabilistic search per-
formed 1n those ensembles. More specifically, exchanging of
node states takes place between two ensembles having
adjacent temperatures, depending on their energy diflerence.
This method prevents the search from falling into a local
optimal solution and thus makes it possible to reach the
optimal value 1n a shorter time.

FIG. 2 illustrates how a plurality of ensembles with
different temperatures exchange their node states. It 1is
assumed 1n this example of FIG. 2 that four ensembles have
been prepared and set up with successively increasing
temperatures T,, T,, T, and T, (.e., T,<I,<T,<I,).
According to the extended ensemble method, two ensembles
having adjacent temperatures exchange their node states
with a certain exchange probability. Here the exchange
probability may be expressed as min(1, R), where R 1s given
by the following equation (1).

R:iﬂ}{p{(l/Tq— 1‘/Tq+l)(Emmf(Xq)_Eramf(Xg+l))} (1)

The symbols T_and T_, , 1in this equation (1) represent the
temperatures ol the g-th and (g+1)th ensembles. That 1s,
temperatures T_and I , are adjacent to each other. E,, ;
(X,) and B, (X _,,) denote the total energies of the noted
ensembles. X includes all the node states of the g-th
ensemble, as does X _,, for the (q+1)th ensemble.

As can be seen from equation (1), R exceeds one when
I <l_,, and B, (X )>E, (X ). This means that the
exchange probability reaches one, thus causing an exchange
ol node states to happen. For example, an ensemble having
a temperature of T, would exchange node states with an
ensemble having a temperature of T, when the energy of the
latter ensemble 1s smaller than the energy of the former
ensemble.

In contrast, when T <T_,, and E,, (X )<E, (X . ) an
exchange of node states takes place with a probability of R.
For example, an ensemble having a temperature of T, would
exchange node states with an ensemble having a temperature
of T, with a probability of R when the energy of the latter
ensemble 1s larger than the energy of the former ensemble.

FIG. 3 illustrates energy functions of ensembles with
different temperatures. Six curves (1) to (6) are seen in FIG.
3, representing energy functions of ensembles having suc-
cessively decreasing temperatures. The topmost curve (1) 1s
of the highest-temperature ensemble, and the bottommost
curve (6) 1s of the lowest-temperature ensemble. As the
temperature rises, the curve becomes gentler (i.e., has fewer
peaks and bottoms, and the slopes are more gradual). For
example, the topmost curve (1) 1s less likely to fall into a
local optimal solution because 1t 1s gentler than the bottom
most curve (6).

As described above, the extended ensemble method
exchanges node states between two ensembles having adja-
cent temperatures. Suppose, for example, one ensemble has
an energy lfunction of curve (6). This ensemble may be
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trapped 1nto a local optimal solution, but the noted exchang-
ing of node states permits the ensemble to move to different

node states that were previously of a higher-temperature
ensemble. That i1s, the former ensemble may move to a
different energy function of curve (5) with a certain
exchange probability, thus exiting from the local optimal
solution. This mechanism of the extended ensemble method
permits faster convergence of solutions to an optimal point
than the conventional simulated annealing methods. It 1s
noted that the above-described extended ensemble method
may be modified to exchange temperatures, instead of node
states. The same advantages will be achieved also 1n this
modified version.

In the proposed imnformation processing apparatus of the
first embodiment, the above-described extended ensemble
method 1s 1implemented 1n the hardware circuitry. Specifi-
cally, the ensembles discussed above correspond to Ising
devices 2al to 2alN, and the node states correspond to the
n-bit output value of each neuron circuit block 10al to
10aN. The temperatures discussed above correspond to
etlective temperatures T, to T,, (or noise widths) given to the
Ising devices 2al to 2aNN.

The calculation circuit 3 1s configured to calculate energy
values on the basis of local field values and n-bit output
values. These energy values represent total energies of
individual Ising devices 2al to 2aN and are used as E,___ ,
(X,)and E,,, (X _, ) in equation (6). Further, the exchange
control circuit 4 1s configured to exchange n-bit output
values or noise widths between two of the Ising devices 2al
to 2aN that have adjacent noise widths, with an exchange
probability min(1, R) based on the difference in energy
values between the two Ising devices.

As can be seen from the above description, the proposed
information processing apparatus 1 uses a hardware-based
implementation of an extended ensemble method to obtain
optimal solutions in a short time. The present embodiment
thus reduces the time for solving optimization problems.

The calculation of exchange probabilities uses energy
values. These energy values are obtained by performing
MAC operations between local field values and output
values at each neuron. The proposed calculation circuit 3
calculates energy values with a simple circuit structure for
MAC operations.

(b) Second Embodiment

FIG. 4 1llustrates an example of an information processing
apparatus according to a second embodiment. Several ele-
ments 1 this information processing apparatus of FIG. 4
have the same reference numerals as their counterparts in
FIG. 1.

The 1llustrated information processing apparatus 1la
includes Ising devices 251 to 26N, a controller device 5, and
a random signal generator circuit 6. The Ising devices 2561 to
26N 1n FI1G. 4 are respectively set up with different effective
temperatures Tof T, T,, . .., and T,. Specifically, the Ising
devices 2501 to 26N 1n FIG. 4 are assumed to have succes-
sively smaller temperatures as in T,>T1,> . . . >T,. As the
Ising devices 261 to 206N have the same internal structure,
the following description focuses on one Ising device 251 as
a representative example.

The Ising device 261 includes a neuron circuit block
1041, a control circuit 10541, a calculation circuit 10¢1, and
an exchange control circuit 1041. The Ising device 251 also
includes a noise generator circuit 10e1 and a random signal
generator circuit 101, which are omitted in FIG. 1. The
calculation circuit 10c1 and exchange control circuit 1041
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provide the same functions as the calculation circuit 3 and
exchange control circuit 4 1n the foregoing first embodiment.

The neuron circuit block 10al includes n neuron circuits
1111 to 111%. In the example of FIG. 4, the neuron circuits
1111 to 1112 are designed to execute processing based on
what 1s called DeGloria algorithm.

(b1) Exemplary Neuron Circuit

FI1G. 4 provides the details of two neuron circuits 1111 and
1117, while omitting others because of their similarity to the
neuron circuits 1111 and 1117.

The first neuron circuit 1111 includes a register 20al,
selector circuits 21al and 22a1, a multiplier circuit 2341, an
adder circuit 24al, another register 25al, another adder
circuit 26al, a comparator circuit 27al, an exclusive OR
(XOR) gate 28al, and yet another register 29a1. Similarly,
the n-th neuron circuit 1117 includes a register 20an, selector
circuits 21ar and 22an, a multiplier circuit 23an, an adder
circuit 24an, another register 25an, another adder circuit
26an, a comparator circuit 27an, an XOR gate 28an, and yet
another register 29an.

The register 20al 1n the first neuron circuit 1111 stores
therein n weight values W,,, W, 5, ...,and W, . The register
20an 1n the n-th neuron circuit 111 stores therein n weight
values W_,, W .. ..., and W__. These weight values are
specified by the controller device 5, depending on the
problem to be solved, and entered to the registers 20al to
20an. As an alternative, weight values may be stored 1n a
random access memory (RAM) or other memory devices.

The selector circuit 21al 1n the first neuron circuit 1111
selects one of the weight values W, to W, stored 1n the
register 20al, based on a selection code signal from control
circuit 1061. Similarly, the selector circuit 21ar 1n the n-th
neuron circuit 111z selects one of the weight values W, to
W__ stored 1n the register 20an, based on the same selection
code signal. For example, when the first neuron circuit 1111
changes its output value, the selector circuit 21an 1n the n-th
neuron circuit 111z selects a weight value W, according to
a selection code signal.

When a neuron circuit changes its output value, the
control circuit 1061 outputs zero or one representing the
changed output value. The selector circuits 22al to 22ar
select either one (1) or minus one (-1) according to that
output value supplied from the control circuit 1051. When
the output value 1s zero, the selector circuit 22al to 22an
selects one. When the output value 1s one, the selector circuit
22al to 22an selects minus one. The reason for this opera-
tion will be described later.

The multiplier circuit 23a1 1n the first neuron circuit 1111
calculates the product of outputs from the two selector
circuits 21al and 2241 described above. Similarly, the
multiplier circuit 23arz 1n the n-th neuron circuit 1117
calculates the product of outputs from the two selector
circuits 21ar and 22an.

The adder circuit 24al 1n the first neuron circuit 1111 adds
the output value of the multiplier circuit 23al to what the
register 25al1 currently stores. Similarly, the adder circuit
24an 1n the n-th neuron circuit 1112 adds the output value of
the multiplier circuit 23an to what the register 25an cur-
rently stores.

The register 25a1l 1n the first neuron circuit 1111 takes in
the output value of the adder circuit 24al 1n synchromization
with a clock signal (not illustrated 1n FI1G. 4). Stmilarly, the
register 25an 1n the n-th neuron circuit 1117 takes in the
output value of the adder circuit 24ar 1n synchronization
with a clock signal (not illustrated 1n FIG. 4). For example,
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the registers 25al to 25ar may be flip-tlops. The registers
235al to 25an are imitialized with what will be described later
as bias values.

The symbols h,; and h, seen inside the boxes representing,
registers 25al and 25ar 1n FIG. 4 are local field values. That
1s, the atorementioned local field values are stored in the
registers 25al to 25an.

The adder circuit 2641 1n the first neuron circuit 1111 adds
a noise value to the output value of the register 25al. The
noise value 1s provided from the noise generator circuit
10e1. Siumilarly, the adder circuit 26ar 1n the n-th neuron
circuit 1112 adds a noise value to the output value of the
register 25an. Some examples of noise values will be
described later.

The noise generator circuit 10el outputs noise values
under the control of the controller device 5. For example, the
noise generator circuit 10e1 1ncludes an amplifier circuit,
and the controller device 5 varies the gain of this amplifier
circuit so as to control the noise width corresponding to a
given ellective temperature.

The comparator circuit 2741 1n the first neuron circuit
1111 outputs a value of one 11 the output of the adder circuit
26al 1s greater than a threshold, and otherwise a value of
zero. Similarly, the comparator circuit 27arn in the n-th
neuron circuit 111z outputs a value of one if the output of the
adder circuit 26an 1s greater than a threshold, and otherwise
a value of zero.

Each comparator circuit 27al to 27ar has an enable mput.
These enable inputs of the comparator circuits 27al to 27ar
are controlled individually, such that only one of the neuron
circuits 1111 to 1117 1n the Ising device 2561 1s allowed to
change 1ts output value at a time. More specifically, random
values are generated by a random signal generator circuit
1071 to enable a single randomly-selected comparator circuit
while disabling the others. For example, the random signal
generator circuit 10/1 may be implemented with a linear
teedback shift register (LFSR). LFSR may also be used to
implement the foregoing noise generator circuit 10el.

The XOR gate 284l 1n the first neuron circuit 1111 outputs
a value of zero when either the output of the comparator
circuit 27al or a value supplied from the exchange control
circuit 1041 matches with the output of the register 294l.
Otherwise, the XOR gate 28al outputs a value of one.
Similarly, the XOR gate 28an 1n the n-th neuron circuit 1117
outputs a value of zero when either the output of the
comparator circuit 27ar or a value supplied from the
exchange control circuit 1041 matches with the output of the
register 29an. Otherwise, the XOR gate 28an outputs a value
ol one.

Although not explicitly illustrated 1n FIG. 4, each 1ndi-
vidual comparator circuit 27al to 27an has 1ts own selector
circuit at its output end. This non-1llustrated selector circuit
1s used to select one bit out of an n-bit output value X,
supplied from the exchange control circuit 1041 or the
output value of its local comparator circuit 27al to 27an.
These n selector circuits as a whole select an n-bit output
value X, . when the exchange control circuit 1041 outputs
it. Instead of outputs of the comparator circuits 27al to
27an, the mdividual bits of the selected n-bit output value
X, . ... are then supplied to the XOR gates 28al to 28ar and
registers 29al to 29an.

As noted above, the exchange control circuit 1041 1n the
Ising device 251 supplies an n-bit output value X, . This
value 1s actually originated from the neuron circuit block
10a1 1n the Ising device 251 1tself or 1ts counterpart (not
illustrated 1 FIG. 4) 1n the next Ising device 262. For
example, the first bit value of X 1s supplied to the XOR

172w
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gate 28al 1n the first neuron circuit 1111, and the n-th bat
value of the same 1s supplied to the XOR gate 28an 1n the
n-th neuron circuit 1117.

The register 2941 1n the first neuron circuit 1111 takes in
a value from the comparator circuit 27al or from the
exchange control circuit 1041, when the XOR gate 28al
outputs a value of one. This act means that the first neuron
circuit 1111 changes (updates) 1ts output value x,. Similarly,
the register 29an 1n the n-th neuron circuit 111z takes 1 a
value from the comparator circuit 27arn or from the
exchange control circuit 1041, when the XOR gate 28ar
outputs a value of one, thus changing the output value x, of
the n-th neuron circuit 111z.

The above-described neuron circuits 1111 to 1112 1mple-
ment an energy function E(X) 1n the Ising model with a
relatively small hardware size. For example, the energy
function E(x) 1s defined by the following equation (2).

(2)

Ew) == Wyxix; Z bix;

)

The first term 1n the right-hand side 1s a sum of weighted
products of two neuron circuit outputs X, and x,, where
weight values W, =W and W,=0. The accumulation of
products 1s performed with respect to every possible com-
bination of two neuron circuits, with no missing or dupli-
cated combinations.

The second term 1n the right-hand side 1s a sum of
products between bias values and output values with respect
to all the neuron circuits. The symbol b, represents the bias
value of the 1-th neuron circuit.

For hardware-based implementation of the above energy
function E(x), the neuron circuits 1111 to 111z in FIG. 4
calculate their respective local field values h; to h . For
example, the following equation (3) gives a local field value
h, of the 1-th neuron circuit 111i, where 1=1<n.

(3)

The first term 1n the right-hand side of equation (3) 1s a
sum of products that represent weighted output values of the
neuron circuits 1111 to 111». Here, each weight value W,
denotes the strength of a connection between the 1-th neuron
circuit and another neuron circuit 1n the Ising device 251.

As mentioned above, the Ising device 2561 i1s allowed to
change only one output value at a time although i1t has many
neuron circuits 1111 to 111». When such a change 1s made
at a certain neuron circuit, other neuron circuits connected to
that changing neuron circuit add the change to or subtract the
change from their respective current local field values.
Suppose, for example, that the j-th neuron circuit 1s coupled
to 1nput of the 1-th neuron circuit, where 1=y=n. When the
j-th neuron circuit changes its output value from x; (0 or 1)
to 1-x,, the local field value of the 1-th neuron circuit makes
a change Ah, given by the following equation (4).

Ab=h,

—h;= I’Kj(l_zxj) (4)

The difference (1-2x,) seen 1n this equation (4) takes a
value of -1 when the output value x; changes from 0 to 1,
and a value of +1 when it changes from 1 to 0. This
processing of (1-2x) 1s implemented 1n the selector circuits

22al to 22arn 1n FIG. 4.

xj—l—xj
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As described previously, the neuron circuits 1111 to 1117
seen 1n FIG. 4 include comparator circuits 27al to 27an to
compare their respective local field values h, toh, plus some
noise value with a threshold. For example, noise values are
determined such that the probability that the comparator
circuits 27al to 27an output a value of one (1n other words,
the output value x, to x, of each neuron circuit 1111 to 111
becomes one) will follow a sigmoid function. More specifi-
cally, a noise value 1s added to the local field value h, so that
the 1-th neuron circuit will yield an output value x.=1 with
a probability P,(h,) seen below.

Pi{h)=1/[1+exp(-//1)] (3)

The symbol T 1n equation (5) represents eflective tem-
perature. To achieve the above probability P,(h,) in equation
(5), the noise values ns have to follow the probability density
function of equation (6) below.

p(ns)=exp(=hy/T)/[1+exp(~hy/T)]’ (6)

FIG. 5 illustrates an exemplary distribution of probability
P.(h,) that output value x, takes a value of one. The hori-
zontal axis represents the sum of local field value h, and
noise value ns, while the vertical axis represents the prob-
ability of x=1. FIG. 5 actually plots two graphs 30 and 31.
The first graph 30 1indicates the probabaility P,(h,) that the 1-th
neuron circuit yields an output value x; of one when its
comparator circuit receives a sum of local field value h, and
noise value ns, assuming that the noise value ns varies
according to the foregoing probability density function p(ns)
of equation (6). The second graph 31 indicates the probabil-
ity P ,(h,) that the 1-th neuron circuit yields an output value
X, ol one when 1ts comparator circuit receives a local field
value h, alone.

Without noise values, the probability P,(h,) makes a
stepwise change from zero to one, as seen in the second
graph 31, at the point where the local field value h, exceeds
a threshold Vth. In contrast, with noise values ns added to
the local field value h, the probability P,h,) moderately
varies according to a sigmoid function as seen 1n the first
graph 30.

This concludes the explanation of neuron circuits 1111 to
1117.

(b2) Calculation Circuit

FIG. 6 1llustrates an example of a calculation circuit. This
calculation circuit 101 includes a multiplier circuit 40, an

adder circuit 41, and a register 42. These components work
as follows.

The multiplier circuit 40 calculates a product of an output
value x; and a local field value h.. The output value x, refers
to the 1-th bit of an n-bit output value X, from the neuron
circuit block 10a1. The local field value h, 1s a value stored
in a register 1n the 1-th neuron circuit 1117, where 1=1=n. The
adder circuit 41 calculates a sum of the current value 1n the
register 42 and the above product calculated by the multi-
plier circuit 40. The register 42 takes 1n this sum from the
adder circuit 41 1n synchronization with a clock signal (not
illustrated 1 FIG. 6).

The calculation circuit 10c¢1 receives each output value x,
and each local field value h,, where 1 1s an integer number
that varies 1n the range of one to n. With the circuit structure
of FIG. 6, the calculation circuit 10c1 performs MAC
operations between output values x, to x, and local field
values h, to h . The result of the MAC operations 1s referred
to as an energy value E__._(X,). This energy value E,_ . (X,)

represents the total amount of energy 1n the Ising device 2al.
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(b3) Exchange Control Circuit

As part of the circuits designed for the foregoing extended
ensemble method, the exchange control circuit 1041 1n FIG.
4 exchanges n-bit output values between two Ising devices
2al and 242 with an exchange probability based on a
difference between the two Ising devices in terms of the
energy values discussed above.

FIG. 7 illustrates an example of an exchange control
circuit. This exchange control circuit 10dg of FIG. 7 repre-
sents N exchange control circuits 1041 to 104N 1n the Ising
devices 201 to 2bN. Specifically, the exchange control
circuit 10dg 1s the one 1n the g-th Ising device 2bg, where
1=g=N. The exchange control circuit 10dg 1s formed from
first and second flag generator circuits 50 and 51, an AND
gate 52, and an exchange circuit 53.

The first tlag generator circuit 50 recerves an energy value
E,,:(X,) representing the total amount of energy in the gq-th
Ising device 1tself. The first flag generator circuit 50 also
receives an energy value B, ,(X_, ) representing the total
amount of energy 1n the (q+1)th Ising device. The (g+1)th
Ising device has an effective temperature T_,, higher than
the g-th Ising device’s T . The first tlag generator circuit 50
turther receives a random value from the random signal
generator circuit 6. Based on the received two energy values
E(X,) and E, , (X _,,) and random value, the first tlag
generator circuit 50 generates and outputs a flag signal Flgd.
This tlag signal Flgd indicates whether to cause the neuron
circuits 1n the g-th and (g+1)th Ising devices to exchange
their n-bit output values X _and X__,. When tlag signal Flgd
1s asserted to one, it means that output values X_and X_,
are to be exchanged with each other. When flag signal Flgd
stays zero, 1t means that no exchange 1s to be made between
two output values X_and X__,.

The second flag generator circuit 31 receives an energy
value B, (X ) representing the total amount of energy 1n
the g-th Ising device. The second flag generator circuit 51
also receives an energy value E,,, (X __,) representing the
total amount of energy in the (g-1)th Ising device. The
(q—1)th Ising device has an eftective temperature T __, lower
than the g-th Ising device’s T . The second tlag generator
circuit 51 further receives a random value from the random
signal generator circuit 6. Based on the received two energy
values E, , (X ) and E,, (X _,) and random value, the
second flag generator circuit 51 generates and outputs a tlag
signal Flgu. This flag signal Flgu indicates whether to cause
the neuron circuits 1n the g—th and (g-1)th Ising devices to
exchange their n-bit output values X_and X__,. When flag
signal Flgu 1s asserted to one, 1t means that output values X
and X__, are to be exchanged with each other. When flag
signal Flgu stays zero, 1t means that no exchange 1s to be
made between output values X_and X__,.

FIG. 8 1llustrates an example of a tlag generator circuit.
More particularly, FIG. 8 illustrates an example of the first
flag generator circuit 50. The first flag generator circuit 50
may be designed to operate on the basis of what 1s called the
Metropolis-Hastings algorithm. The 1llustrated first flag gen-
erator circuit 30 1s formed from an energy comparator circuit
60, a probability computation circuit 61, a probability com-
parator circuit 62, and an OR gate 63.

The energy comparator circuit 60 compares energy values
EromX,) and E, (X, ,,). When E,, (X ) 1s greater than
E, (X, 1), the energy comparator circuit 60 outputs a
value of one. When E_, (X ) 1s smaller than E, (X ).
the energy comparator circuit 60 outputs a value of zero.

The probability computation circuit 61 calculates a prob-
ability R according to equation (1). Specifically, the prob-
ability computation circuit 61 1s formed from a subtracter
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circuit 61a, a multiplier circuit 615, and an exponential
operator circuit 61c. The subtracter circuit 61a calculates a
difference between two energy values E,,, (X ) and E,,;
(X,_1). The multiplier circuit 615 outputs a product of the
difference and a constant K stored 1n a register (not 1llus-
trated). The constant K has a value ot (1/1_)-(1/1_, ), which

1s calculated by the controller device 5, for example. The
exponential operator circuit 61c¢ then calculates a probability
R of equation (1) from the output of the multiplier circuit
615 by using a natural exponential function.

The probability comparator circuit 62 compares the above
probability R with a random wvalue provided from the
random signal generator circuit 6. Here the random value 1s
assumed to be greater than zero and smaller than one. When
the random number 1s greater than probability R, the prob-
ability comparator circuit 62 outputs a value of one. When
the random number 1s smaller than probability R, the prob-
ability comparator circuit 62 outputs a value of zero.

The OR gate 63 performs a logical disjunction of two
output values from the energy comparator circuit 60 and
probability comparator circuit 62. The result of this opera-
tion 1s a flag signal Flgd.

The second flag generator circuit 51 1s similar to the first
flag generator circuit 50 described above. Specifically, the
second flag generator circuit 51 may be implemented by
moditying the first flag generator circuit of FIG. 8 as
tollows: (a) energy value E,, (X __;) 1s used in place of
energy valueE, (X ), (b)energy valueE, (X )isusedin
place of energy value E,, (X . ), and (¢) the flag signal
output 1s not Flgd, but Flgu.

FIG. 9 illustrates another example of a flag generator
circuit. Specifically, FIG. 9 illustrates a first flag generator
circuit 50a designed to operate according to what 1s called
Heat-Bath algorithm, as an alternative implementation of the
first flag generator circuit 50 discussed i FIG. 7. The
illustrated circuit structure of the first flag generator circuit
50a may similarly be used to implement the second flag
generator circuit 31 1 FIG. 7.

The first flag generator circuit 50aq 1s formed from a
probability computation circuit 71 and a probability com-
parator circuit 72. The probability computation circuit 71
calculates a probability R according to equation (7) below.
To this end, the probability computation circuit 71 includes
a subtracter circuit 71a, a multiplier circuit 715, an expo-
nential operator circuit 71c, an adder circuit 714, and a
divider circuit 71e.

(7)

The subtracter circuit 71a, multiplier circuit 715, and
exponential operator circuit 71¢ perform the same compu-
tational operations discussed above for the subtracter circuit
61a, multiplier circuit 615, and exponential operator circuit
61c 1n FIG. 8. The adder circuit 714 adds one to the result
value of the exponential operator circuit 61c. The divider
circuit 71e then calculates a reciprocal of the summation
result of the adder circuit 714, thus yielding a probability R
of equation (7).

The probability comparator circuit 72 compares the above
probability R with a random value from the random signal
generator circuit 6. Here the random value 1s assumed to be
greater than zero and smaller than one. When the random
number 1s greater than probability R, the probability com-
parator circuit 72 outputs a value of one as tlag signal Flgd.
When the random number 1s smaller than probability R, the
probability comparator circuit 72 outputs a value of zero as
flag signal Flgd.

R:]'/:]'+6Xp{(1’/Tg_1’/Tg+l)(Emraf(Xg+l)_Emrﬂf(Xg))}]
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Referring back to FIG. 7, the AND gate 52 performs a
logical product operation on two flag signals Flgd and Flgu
generated by the first and second tlag generator circuits 50
and 51. The result of this operation i1s referred to as an
arbitration signal Arbi. That 1s, the AND gate 52 asserts the
arbitration signal Arbi to one when both flag signals Flgd
and Flgu are one. Otherwise, the arbitration signal Arbi 1s
ZEro.

The exchange circuit 53 receives the tlag signals Flgd and
Flgu from the first and second flag generator circuits 50 and
51 and the arbitration signal Arbi from the AND gate 52. The
exchange circuit 53 also receives n-bit output values X __ .
X, and X __, from neuron circuits in the (q-1)th, g-th, and
(g+1)th Ising devices, respectively. Based on these signals,
the exchange circuit 53 generates a new n-bit output value
X for use 1n neuron circuits of the g-th Ising device.

GgHEW

FIG. 10 illustrates an example of an exchange circuit. The
illustrated exchange circuit 53 includes a selection signal
generator circuit 80 and a state selection circuit 81. The
selection signal generator circuit 80 outputs two selection
signals Selu and Seld according to a truth table seen 1 FIG.
11, based on the flag signals Flgd and Flgu and the arbitra-
tion signal Arbi from the AND gate 52.

FI1G. 11 illustrates a truth table that indicates an exemplary
relationship between mput signals and output signals of a
selection signal generator circuit. As the truth table of FIG.
11 indicates, the selection signal generator circuit 80 outputs
selection signals Selu=1 and Seld=0 when flag signal Flgu
1s one while flag signal Flgd and arbitration signal Arbi are
zero. The selection signal generator circuit 80 outputs selec-
tion signals Selu=0 and Seld=1 when tlag signal Flgd 1s one
while flag signal Flgu and arbitration signal Arbi are zero.
The selection signal generator circuit 80 outputs selection
signals Selu=0 and Seld=0 when flag signals Flgu and Flgd
and arbitration signal Arbi are zero. The selection signal

generator circuit 80 outputs selection signals Selu=1 and
Seld=0 (or Selu=0 and Seld=1) when flag signals Flgu and
Flgd and arbitration signal Arbi are one.

Referring back to FIG. 10, the state selection circuit 81
generates a new n-bit output value X, for use in neuron
circuits of the g-th Ising device, based on selection signals
Selu and Seld from the selection signal generator circuit 80.

As will be described below, the state selection circuit 81
follows a truth table 1n FI1G. 12.

FIG. 12 illustrates a truth table that indicates an exem-
plary relationship between input signals and output signals
of a state selection circuit. As the truth table of FIG. 12
indicates, the state selection circuit 81 selects output value
X1 of the (q-1)th Ising device and outputs it as a new
output value X_, . when selection signal Selu 1s one while
selection signal Seld 1s zero. When this 1s the case, the g-th
and (q-1)th Ising devices exchange their output values X_

and X__,.

The state selection circuit 81 selects output value X__, of
the (g+1)th Ising device and outputs 1t as a new output value
X ew When selection signal Selu 1s zero while selection

signal Seld 1s one. When this 1s the case, the g-th and (g+1 )th

[sing devices exchange their output values X _and X__ .

The state selection circuit 81 selects output value X ot the
q-th Ising device and outputs 1t as an output value X_
when both selection signals Selu and Seld are zero. When
this 1s the case, no exchange of output values takes place
among the (q—1)th, g-th, and (g+1)th Ising devices.
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(b4) Exemplary Operation of Information Processing
Apparatus According to Second Embodiment

With reference to several flowcharts, this subsection
describes how the information processing apparatus la of
FIG. 4 operates under the control of the controller device 5.

FIGS. 13 and 14 are a flowchart illustrating exemplary
operation of the information processing apparatus la
according to the second embodiment.

(Step S1) Upon receipt of a startup signal from an external
source, the controller device 5 configures Ising devices 251
to 26N with different effective temperatures (noise widths).

(Step S2) In each Ising device 251 to 26N, 1ts n neuron
circuits (e.g., neuron circuits 1111 to 111#) calculate their
respective local field values h, to h, .

(Step S3) In each Ising device 251 to 26N, 1ts n neuron
circuits add noise values to their respective local field values
h, toh,.

(Step S4) Each Ising device 261 to 26N allows one of its
n neuron circuits to update its output value. This selection of
one neuron circuit depends on a random value supplied from
a random signal generator circuit included in each Ising
device 261 to 26N (e.g., random signal generator circuit
10/1). The control circuit i each Ising device 261 to 206N
(e.g., control circuit 1051) then increments a selection
counter by one to record the selection.

(Step S5) In each Ising device 261 to 26N, the selected
neuron circuit determines whether the sum of 1ts own local
field value and a noise value exceeds a threshold. When the
sum exceeds the threshold, the process advances to step S6.
Otherwise, the process skips to step S7.

(Step S6) In each Ising device 251 to 26N, 1ts control
circuit (e.g., control circuit 1061) supplies the n neuron
circuits with the updated output value of the selected neuron
circuit, as well as with a selection signal for a weight value
associated with the selected neuron circuit.

(Step S7) In each Ising device 2561 to 26N, 1ts control
circuit (e.g., control circuit 1051) determines whether the
selection counter has reached a specified limit. When the
specified limit 1s reached, the process advances to step S8.
Otherwise, the process goes back to step S2 to repeat the
above steps.

(Step S8) In each Ising device 251 to 26N, 1ts calculation
circuit (e.g., calculation circuit 10c1) obtains local field
values h, to h, and output values from the n neuron circuits.
The calculation circuits i the Ising devices 261 to 26N
calculate their respective energy values E, . (X,) to E,__
(X,). Theenergy values E, _ (X,)t0o E, _(X,)represent the

total amount of energy 1n the individual Ising devices 251 to
2H6N.

(Step S9) The exchange control circuits 1041 to 104N
determine whether to exchange output values. For example,
one exchange control circuit 1041 obtains an energy value
E. . A{X,) from the calculation circuit 10c1 and an n-bit
output value X, from the control circuit 1051. The exchange
control circuit 1041 also obtains an energy value E__ . (X,)
and an n-bit output value X, from 1ts counterpart exchange
control circuit 1042 1n the adjacent Ising device 2562. The
energy value E,__ (X, ) represents the total amount of energy
in the Ising device 252. The exchange control circuit 1041
now calculates an exchange probability on the basis of a
difference between the two energy values E . (X,) and
E._A{X,). Then based on this exchange probability, the
exchange control circuit 1041 determines whether to
exchange the output values X, and X, with each other.

(Step S10) When any two of the exchange control circuits
1041 to 104N are to exchange their output values X, to X,
they advance to step S11, and otherwise skip to step S12.
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(Step S11) Since the above step S9 has determined two
adjacent Ising devices to exchange output values, the
exchange control circuits 1041 to 104N 1n those adjacent
Ising devices exchange their n-bit output values (1.e., the
outputs of their neuron circuit blocks) with each other.

Suppose, for example, that two Ising devices 261 and 252
are about to exchange their output values. In this case, their
exchange control circuits 1041 and 1042 exchange n-bit
outputs X, and X, of their neuron circuit blocks 10al and
1042 (the latter 1s not 1llustrated 1n FIG. 4). Accordingly, the
exchange control circuit 1041 supplies X, to 1ts local neuron
circuits 1111 to 111z as a new output value X, for them.

(Step S12) The control circuit in each Ising device 2561 to
26N (e.g., control circuit 1051) obtains the n-bit output value
from 1ts local neuron circuit block.

(Step S13) Each control circuit determines whether the
n-bit output value obtained 1n step S12 has any change.
When there 1s no change i the n-bit output value, the
process advances to step S14. Here the corresponding con-
trol circuit increments its no-change counter by one, the
counter indicating how many cycles the n-bit output value
stays unchanged. When the n-bit output value has a change,
the process returns to step S2 to repeat the above steps.

(Step S14) Each control circuit determines whether 1ts
no-change counter for n-bit output values has reached a
specified limit. When the specified limit 1s reached, the
corresponding control circuit notifies the controller device 5
that the computation 1n its Ising device has converged. In
response, the controller device 5 generates a signal that
indicates completion of the computation. When the specified
limit 1s not reached, the process returns to step S2 to repeat
the above steps.

The structure and operation of an information processing,
apparatus 1a according to the second embodiment has been
described above. The information processing apparatus la
exchanges n-bit output values of Ising devices having adja-
cent noise widths (or effective temperatures). This exchange
happens with an exchange probability of (1, R), under the
control of exchange control circuits 1041 to 10dN. The
second embodiment provides a hardware-based implemen-
tation of the foregoing extended ensemble method, making
it possible to reach an optimal solution of a problem 1n a
shorter time. That 1s, the second embodiment reduces the
processing time for solving optimization problems.

The exchange probability 1s calculated from energy val-
ues of neuron circuits, and the energy values are calculated
by repeating multiply-accumulate operations of local field
values and output values 1n the individual neuron circuits. It
1s thus possible to calculate, for example, an energy value

E. . (X,)with a sitmple calculation circuit 10c1 discussed 1n
FIG. 6.

(¢) Third Embodiment

FIG. 15 1llustrates an example of an information process-
ing apparatus according to a third embodiment. Several
clements 1n this information processing apparatus of FIG. 15
have the same reference numerals as their counterparts in the
information processing apparatus la of FIG. 4.

The 1illustrated information processing apparatus 15
includes Ising devices 2¢1 to 2¢N, a controller device 5, and
an exchange control circuit 7. The Ising devices 2¢1 to 2¢N
in FIG. 15 are respectively set up with diflerent eflective
temperatures T of T, T,, ..., and T,. Specifically, the Ising
devices 2501 to 26N 1n FIG. 4 are assumed to have succes-
sively smaller temperatures as in T, >T,> .. . >

I'.. Since the

10

15

20

25

30

35

40

45

50

55

60

65

16

Ising devices 2c¢1 to 2¢N have the same circuit structure, the
following description focuses on one Ising device 2¢1 as a
representative example.

The Ising device 2¢1 has a neuron circuit block 10al, a
control circuit 1051, and a calculation circuit 10c1 similarly
to the foregoing Ising device 261 1n FIG. 4. The Ising device
2c1, however, lacks the exchange control circuit 1041 dis-
cussed 1n FIG. 4. Instead, a single exchange control circuit
7 1s shared by the Ising devices 2¢1 to 2¢N 1n this example
of FIG. 15. It 1s not intended, however, to limit the third
embodiment to the illustrated configuration. The functions
of the exchange control circuit 7 may be implemented
wholly or partly in the individual Ising devices 2¢1 to 2¢N.

(c1) Exchange Control Circuit

The exchange control circuit 7 controls the process of
exchanging noise widths between two of the Ising devices
2c1 to 2¢N, where the two Ising devices are set up with
adjacent noise widths (or adjacent effective temperatures).
An exchange of noise widths happens with a probability
based on a difference 1n the foregoing energy values between
the two Ising devices. Such exchanging of noise widths 1s
part of the extended ensemble method described previously.

FIG. 16 illustrates an example of an exchange control
circuit. This exchange control circuit 7 of FIG. 16 1s formed
from a random signal generator circuit 90, tlag generator
circuits 91al, 91a2, . . . , 9lag, 9la(g+l), . . . , and
91a(N-1), and a temperature setting signal generator circuit
92.

The random signal generator circuit 90 generates random
values 1n the range from zero to one, as in the foregoing
random signal generator circuit 6 of the second embodiment.

The flag generator circuits 91al to 91a(N-1) 1n FIG. 16
may be implemented with the same circuit configuration
discussed 1n FIGS. 8 and 9 for the first tlag generator circuits
50 and 50q 1n the second embodiment. For example, the g-th
flag generator circuit 91ag receives an energy value E,__
(X,) representing the total amount ot energy in the g-th Ising
device, as well as an energy value E,,, (X _, ) representing
the total amount of energy 1n the (g+1)th Ising device. The
g-th flag generator circuit 91ag also receives a random value
from the random signal generator circuit 90. Based on the
received two energy values E, (X ) and B, (X _,,) and
random value, the g-th flag generator circuit 91ag generates
and outputs a flag signal Flgq. This flag signal Flgq indicates
whether to cause the g-th and (g+1)th Ising devices to
exchange their noise widths (effective temperatures). Spe-
cifically, when flag signal Flgq 1s one, 1t means that the two
Ising devices are to exchange their noise widths with each
other. When flag signal Flgq 1s zero, 1t means that no such
exchange 1s to be made.

The (g+1)th flag generator circuit 91a(gq+1) receives an
energy value B, (X ,,) representing the total amount of
energy in the (q+1)th Ising device, as well as an energy value
E, (X .-) representing the total amount ot energy in the
(q+2)th Ising device. The (g+1)th flag generator circuit 91ag
also receives a random value from the random signal gen-
erator circuit 90. Based on the received two energy values
E X, 1) and E, (X, >) and random value, the (q+1)th
flag generator circuit 91a(gq+1) generates and outputs a flag
signal Flg(q+1). This flag signal Flg(q+1) indicates whether
to cause the (gq+1)th and (g+2)th Ising devices to exchange
their noise widths. Specifically, when flag signal Flg(g+1) 1s
one, 1t means that the two Ising devices are to exchange their
noise widths with each other. When flag signal Flg(g+1) 1s
zero, 1t means that no such exchange 1s to be made.

The temperature setting signal generator circuit 92 gen-
crates temperature setting signals Tg,, Te,, . . ., T

Sqg?
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Iy 15 - - ., and T,y for setting noise widths corresponding
to eflective temperatures. As mentioned earlier, the noise
generator circuit included in each Ising device 2¢1 to 2¢N
(e.g., noise generator circuit 10e1) has an amplifier circuit
(not 1illustrated 1 FIG. 15). A temperature setting signal
controls the gain of this amplifier, thereby setting an
intended noise width to the corresponding Ising device. For
example, temperature setting signal T, gives a specilic
noise width to the first Ising device 2¢1, and temperature
setting signal T, gives a specific noise width to the second
Ising device 2c2.

In operation, the temperature setting signal generator
circuit 92 first initializes the noise width of each noise
generator circuit 1n the Ising devices 2¢1 to 2¢N by con-
trolling temperature setting signals T, to T, upon receipt
ol a startup signal from the controller device 5. These mitial
noise widths have been specified by the controller device 5,
and the temperature setting signal generator circuit 92 holds
them 1n its internal storage. Afterwards, the temperature
setting signal generator circuit 92 may exchange noise
widths between two of the Ising devices 2¢1 to 2¢N, based
on flag signals Flgl to Flg(N-1) provided from the flag
generator circuits 91al to 91a(N-1). Here the two Ising
devices are adjacent 1n terms of the values of noise width.

FIG. 17 1illustrates an example of a temperature setting
signal generator circuit. This temperature setting signal
generator circuit 92 of FIG. 17 includes, among others, a
selection signal generator circuit 100, an mitializing circuit
101, a one-shot pulse generator circuit 102, and selector
circuits 103a1, 103a2, . . . , 103ag, 103a(q+1), . . . , and
103aN. The temperature setting signal generator circuit 92
turther includes registers 104al, 104q2, . . . , 104ag,
104a(g+1), . . . , and 104aN, and a temperature switching
circuit 103.

The selection signal generator circuit 100 outputs selec-
tion signals Sell to Sel(N-1) according to a truth table seen
in FIG. 18, based on flag signals Flgl to Flg(N-1). FIG. 18
illustrates a truth table that indicates an exemplary relation-
ship between input signals and output signals of a tempera-
ture setting signal generator circuit. The symbol “d” in this
truth table denotes “don’t care™ (1.e., 1ts value, zero or one,
does not matter).

As seen from the truth table of FIG. 18, the selection
signal generator circuit 100 outputs selection signals Sell1=0
to SeIN=0 when all mnput flag signals Flgl to Flg(IN-1) are
zero. When flag signal Flgl 1s one, the selection signal
generator circuit 100 asserts 1ts corresponding selection
signal Sell to one while making all the other selection
signals zero, no matter what values the other flag signals
Flg2 to Flg(N-1) may take. When the (g+1)th flag signal
Flg(g+1) 1s one whereas tlag signals Flgl to Flgq are zero,
the selection signal generator circuit 100 asserts the (q+1)th
selection signal Sel(q+1) to one while making all the other
selection signals zero, regardless of the other flag signals.

The mitializing circuit 101 holds a plurality of different
initial values of noise widths (eflective temperatures) for use
in the individual Ising devices 251 to 26N. As mentioned
above, these mitial values are specified by the controller
device 5, and the mitializing circuit 101 recerves and stores
them. The mitializing circuit 101 provides its stored values
for setting initial values of temperature setting signals.

The one-shot pulse generator circuit 102 generates a
one-shot pulse signal to selector circuits 103al to 103aN 1n
response to a startup signal from the controller device 5.

The selector circuits 10341 to 103aN select the afore-
mentioned 1nmitial values of temperature setting signals from
the 1mitializing circuit 101 during the period of the one-shot
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pulse signal (e.g., when the one-shot pulse signal 1s at a
logical high level). When there 1s no pulse signal (e.g., when
the one-shot pulse signal 1s at a logical low level), the
selector circuits 103al to 103aN select the current values of
temperature setting signals T, to T, of the temperature
switching circuit 105.

The registers 104al to 104aN receive and store tempera-
ture setting signals supplied from their corresponding selec-
tor circuits 10341 to 103aNN.

The temperature switching circuit 105 outputs tempera-
ture setting signal T, to T.., based on the foregoing
selection signals Sell to Sel(N-1) from the selection signal
generator circuit 100. Suppose, for example, that flag signals
Flgl to Flg(N-1) are zero when the one-shot pulse signal 1s
at a logical high level. Because every selection signal Sell
to Sel(N-1) 1s zero at this point 1n time, the temperature
switching circuit 105 outputs temperature setting signals T,
to T, carrying initial values for the Ising devices 2¢1 to
2¢N. Accordingly, the Ising devices 2¢1, 2¢2, . . ., and 2¢N
are respectively set up with their 1mtial eflective tempera-
tures T of T,, T,, ..., and T,

The one-shot pulse signal then returns to a logical low
level. The selection signals Sell to Sel(N-1) may be
asserted to one 1n accordance with the truth table of FIG. 18
during the course of neural computation. When one selection
signal 1s asserted, the temperature switching circuit 105
exchanges noise widths of the corresponding Ising devices
2c1 to 2¢N. Suppose, for example, that the g-th selection
signal Selq 1s asserted to one. Then the temperature switch-
ing circuit 105 routes the value of temperature setting signal
L5, trom the g-th register 104aq to the output of temperature
setting signal Tg_,,, so that the (q+1)th Ising device will be
set up with a noise width corresponding to T . The tem-
perature switching circuit 105 also routes the value of
temperature setting signal 1g_,, from the (q+1)th register
104a (g+1) to the output of temperature setting signal T,
so that the g-th Ising device will be set up with a noise width
corresponding to T .. This switching action 1n the tem-
perature switching circuit 105 causes the g-th and (g+1)th
Ising devices to exchange their noise widths with each other.

(c2) Exemplary Operation of Information Processing
Apparatus According to Third Embodiment

With reference to a flowchart of FIG. 19, this subsection
describes how the information processing apparatus 15 of
FIG. 15 operates under the control of the controller device
5.

FIG. 19 15 a flowchart illustrating exemplary operation of
an information processing apparatus according to the third
embodiment. The proposed information processing appara-
tus 16 executes steps S1 to S8 discussed 1 FIGS. 13 and 14
in the same way as the foregoing information processing
apparatus 1a does 1n the second embodiment. For these steps
S1 to S8, see the preceding description of FIGS. 13 and 14.
The following description thus begins with step S94 n FIG.
19.

(Step S9a) The exchange control circuit 7 determines
whether to exchange noise widths. Specifically, the
exchange control circuit 7 receives energy values E, . (X))
to E, . (X,) from Ising devices 2¢1 to 2¢N and calculates a
difference 1n energy value between each two adjacent Ising
devices. Then based on exchange probabilities calculated
from the differences, the exchange control circuit 7 deter-
mines whether to exchange noise widths between any two
adjacent Ising devices and which two of the Ising devices
2¢c1 to 2¢N they are.
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(Step S10a) When 1t has determined to exchange noise
widths, the exchange control circuit 7 advances to step Slla,
and otherwise skips to step S12.

(Step S11la) The exchange control circuit 7 exchanges
noise widths between the two adjacent Ising devices that
have been determined 1n step S9a.

The information processing apparatus 15 executes the rest
of the process, steps S12 to S14, similarly to the second
embodiment.

FI1G. 20 1s a timing diagram illustrating exemplary opera-
tion of the information processing apparatus. Upon power-
up of the imformation processing apparatus 16 (time tl), the
controller device 5 1s brought to an 1itial state by a reset
signal. The reset signal 1s then negated (time t2). This allows
the controller device 3 to 1mitialize parameters (e.g., weight
values and bias values) as well as ellective temperatures or
noise widths (time t3 to time t4). Then the controller device
5 sends the exchange control circuit 7 a startup signal (time
t5). As the startup signal 1s asserted to a logical high level,
the foregoing steps S2 to S14 are executed.

The controller device 5 receives a neuron settlement
signal from one of the Ising devices 2¢1 to 2¢N (time 16).
This neuron settlement signal indicates that the n-bit output
value of the sending Ising device has settled, meaning that
the problem has converged into a solution. In response, the
controller device 5 outputs an end signal to indicate the
completion of computation while negating the startup signal
to a logical low level (time t7).

The above operation discussed 1n FIG. 20 1s also valid for
the second embodiment. In other words, the foregoing
information processing apparatus la may also operate
almost similarly.

The structure and operation of an information processing,
apparatus 15 according to the third embodiment has been
described above. The information processing apparatus 15
has an exchange control circuit 7 to exchange noise widths
(ellective temperatures) between two adjacent Ising devices,
with an exchange probability of (1, R). The third embodi-
ment provides a hardware-based implementation of an
extended ensemble method, making it possible to reach an
optimal solution of a problem 1n a shorter time. That 1s, the
third embodiment reduces the processing time for solving
optimization problems.

The information processing apparatus 15 of the third
embodiment exchanges noise widths, whereas the informa-
tion processing apparatus la of the second embodiment
exchange n-bit output values generated by n neuron circuits.
This means that the third embodiment reduces the amount of
data to be exchanged.

The above embodiments have demonstrated one aspect of
teatures that are provided by the proposed information
processing apparatuses, Ising devices, and control method
for controlling an information processing apparatus. It 1s
noted, however, that what have been described above are
only for illustrative purposes. It not mtended to limit the
scope by the described examples. For instance, the foregoing
neuron circuit block 1s not limited to the one based on the
DeGlona algorithm 1illustrated in FIG. 4 or other drawings.
Rather, a neuron circuit block may be implemented 1n a
different way, as long as 1t calculates local field values (i.e.,
energy ol neurons) from n-bit output values from n neurons
and their corresponding weight values.

Several examples of an information processing apparatus,
an Ising device, and a control method have been discussed
above. In one aspect, the proposed techniques contribute to
reduction of computation time.
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All examples and conditional language provided herein
are intended for the pedagogical purposes of aiding the
reader 1n understanding the invention and the concepts
contributed by the inventor to further the art, and are not to
be construed as limitations to such specifically recited
examples and conditions, nor does the organization of such
examples 1n the specification relate to a showing of the
superiority and inferiority of the invention. Although one or
more embodiments of the present invention have been
described 1n detail, 1t should be understood that various
changes, substitutions, and alterations could be made hereto
without departing from the spirit and scope of the invention.

What 1s claimed 1s:

1. An mformation processing apparatus comprising:

a plurality of Ising devices that respectively calculate
identical optimization problems in an independent
manner, the plurality of Ising devices each including a
neuron circuit block that calculates as many {first energy
values as a number of neurons, based on weight values
representing strengths of neuron-to-neuron connections
and output values of the neurons, and determines and
outputs new output values, based on comparison results
between a threshold and each of the first energy values
plus a noise value, the plurality of Ising devices having
an equal condition about neuron-to-neuron connections
by having a same set of the weight values, the plurality
of Ising devices being set up with different noise widths
cach representing a difference between a lower limait
and an upper limit of noise values;

a calculation circuit that calculates second energy values
respectively representing total energies of each of the
plurality of Ising devices, based on the first energy
values and the output values;

an exchange control circuit that exchanges output values
or noise widths between a first Ising device and a
second Ising device among the plurality of Ising
devices, with an exchange probability based on a
difference 1n the second energy values between the first
Ising device and the second Ising device, the first and
second Ising devices respectively having first and sec-
ond noise widths, the second noise width being adja-
cent to the first noise width; and

a controller that sets the different noise widths for the
plurality of Ising devices.

2. The mmformation processing apparatus according to
claim 1, wherein the calculation circuit performs multiply-
accumulate operations between the first energy values and
the output values and outputs a result of the multiply-
accumulate operations as one of the second energy values.

3. The mnformation processing apparatus according to
claim 1, wherein:

the second noise width 1s larger than the first noise width;
and

the exchange control circuit exchanges the output values
or noise widths between the first Ising device and the
second Ising device when the second Ising device has
a smaller second energy value than a second energy
value of the first Ising device.

4. The nformation processing apparatus according to
claim 3, wherein the exchange control circuit exchanges the
output values or noise widths between the first Ising device
and the second Ising device, when the second Ising device
has a larger second energy value than the first Ising device,
and when the exchange probability 1s smaller than a random
value between zero and one.
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5. An Ising device comprising: culating 1dentical optimization problems in an indepen-
a neuron circuit block that calculates as many first energy dent manner, the plurality of Ising devices each includ-
values as a number of neurons, based on weight values ing a neuron circuit block that calculates as many first
representing strengths of neuron-to-neuron connections energy values as a number of neurons, based on weight
and output values of the neurons, and determines and s values representing strengths of neuron-to-neuron con-
outputs new output values, based on comparison results nections and output values of the neurons, and deter-

between a threshold and each of the first energy values
plus a noise value assigned to the Ising device, the
noise value being variable within a first noise width that
represents a difference between a lower limit and an 10
upper limit of the noise value;

a calculation circuit that calculates a second energy value
representing a total energy of the Ising device, based on
the first energy values and the output values; and

an exchange control circuit that receives a third energy 15
value representing a total energy of another Ising
device having a second noise width adjacent to the first
noise width and exchanges output values or noise
widths between the Ising device and the another Ising
device, with an exchange probability based on a dif- 20
ference between the second energy value and the third
energy value, the second noise width representing a
difference between a lower limit and an upper limit of
a noise value used 1n the another Ising device, the Ising
device and the another Ising device respectively cal- 25
culating 1dentical optimization problems 1n an indepen-
dent manner and having an equal condition about
neuron-to-neuron connections by having a same set of
the weight values.

6. A method of controlling an information processing 30

apparatus, the method comprising;:

setting, by a controller in the information processing
apparatus, diflerent noise widths respectively for a
plurality of Ising devices in the mnformation processing
apparatus, the noise widths each representing a differ- 35
ence between a lower limit and an upper limit of noise
values, the plurality of Ising devices respectively cal- I T

mines and outputs new output values, based on com-
parison results between a threshold and each of the first
energy values plus a noise value, the plurality of Ising
devices having an equal condition about neuron-to-
neuron connections by having a same set of the weight
values;

calculating, by a calculation circuit 1n the information
processing apparatus, second energy values respec-
tively representing total energies of each of the plural-
ity of Ising devices, based on the first energy values and
the output values; and

exchanging, by an exchange control circuit in the infor-
mation processing apparatus, output values or noise
widths between a first Ising device and a second Ising
device among the plurality of Ising devices, with an
exchange probability based on a difference in the
second energy values between the first Ising device and
the second Ising device, the first and second Ising
devices respectively having first and second noise
widths, the second noise width being adjacent to the
first noise width.

7. The information processing apparatus according to

claim 1, wherein

the plurality of Ising devices are configured to calculate
the identical optimization problems respectively by
using an energy function in an Ising model, and

the calculation circuit 1s configured to calculate the sec-
ond energy values respectively representing energy
values of the energy function 1n the Ising model.
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